This study deals with the feasibility and practicality to recover water and nutrients from fresh urine by means of evaporation/condensation. The evaporation process generated two distinct fractions: a condensate and a concentrate. The optimal percentage of evaporation (in volume) was found to be 80%, resulting in optimal condensate quality. Higher percentages of evaporation resulted in a deterioration of water quality, as urea decomposed into ammonia, followed by volatilization of the ammonia which ended up in the condensate. Following evaporation, struvite was recovered from the concentrate at an optimal Mg/N ratio of 1/1. The condensate was purified by filtration into two layers of soil and sand, followed by zeolites. Complete removal of N-NH 3 and 91% removal of chemical oxygen demand (COD) could be achieved throughout this process. Finally, the condensate was disinfected by sodium hypochlorite, achieving over 6-log inactivation of MS2 bacteriophage at a dose of 1,200 mg min/L. In conclusion, this study shows that there exist some potential benefits to the production of high-quality water and fertilizer from urine. The value of struvite recovered from the concentrate was found to be equivalent to that of the water from the condensate, showing that both streams deserve equal attention.
INTRODUCTION
For over a decade, there has been an ongoing shift of paradigm in the approach of wastewater treatment and technology (Guest et al. ) . Instead of dissipating the resources, it has been increasingly acknowledged that there is a need to turn to maximum use of resources present in wastewater, which should really be referred to instead as 'used water' (Verstraete et al. ) . Therefore, sewage should be considered as a renewable resource, from which value can be extracted in the form of water, energy and nutrients (mostly nitrogen, N and phosphorus, P). Based on an approximate cost of 0.25 €/m 3 , water represents about two-thirds of the total value of wastewater (Verstraete et al. ) , making it cost-effective to implement water reuse in various parts of the world where there is shortage of water, as is the case in many areas and especially in most of the developing world. Although many experiences in the world have shown the promise of water reuse, it is less technically and economically feasible to recover N and P, which are too diluted in the wastewater matrix.
Indeed, urine makes less than 1% of the total volume of domestic wastewater, but contributes 81% of the nitrogen and 50% of the phosphorus (Guest et al. ) .
An approach to overcome this problem is sewage pre-concentration by chemically enhanced primary treatment, using iron and aluminium-based coagulants (Diamantis et al. cost-effective approach may lie in source separation and decentralized treatment of urine and faeces (Kulkarni ) .
One of the limitations commonly associated with source separation of human waste is the need to rethink our sewage infrastructure; however, nearly 2.6 billion people around the world still do not have access to sanitation and a large fraction also lacks access to clean water, especially in rural areas in the developing world (WHO & UNICEF ). This means that there is huge potential to implement such practice in the developing world, which, as shown above, would in turn provide valuable and recyclable resources such as energy, urea, salts, minerals and water.
Human urine is a complex aqueous solution that mostly contains water (over 95%), sodium chloride (NaCl) and urea (CO(NH 2 ) 2 ) as dominant compounds, but also potassium In our previous report (Lefebvre et al. ), we disclosed a novel, sustainable and low-cost decentralized sanitary system that uses biochar or animal dung to (i) dry faeces, such that it can be combusted and converted into ashes and (ii) extract water from urine by boiling it under reduced-pressure conditions. Building on that experience, the objective of this work is to provide an overview of the feasibility and practicality to recover water and nutrients from fresh urine by means of evaporation/condensation, followed by distinct treatment processes for both the concentrate (to produce struvite) and the condensate (to recover clean water).
MATERIALS AND METHODS

Urine evaporation
Urine evaporation was conducted in the laboratory with a rotary evaporator (IKA RV 10, Singapore). For each experimental batch, 500 mL of urine, freshly collected from a panel of ten individuals, were evaporated at 78 W C and À200 mbar, and water samples were collected at different time intervals, when the volume of the condensate (and therefore of urine evaporated) reached 10%, 50%, 60%, 80%, 90%, 95%
and 100%, respectively. The evaporation process therefore generated two distinct fractions: a condensate and a concentrate.
Struvite formation from the concentrate
Struvite formation was induced by addition of magnesium oxide (MgO) at different Mg/N molar ratios ranging from 1/1 to 3/1 into 100 mL of the concentrate fraction collected after 80% of the original volume of urine was evaporated.
The mixture was allowed to stir for 40 min and then the crystals of struvite were recovered by filtration through a 0.45-μm glassfibre filter, followed by drying and weighing. 
Condensate filtration and disinfection
RESULTS AND DISCUSSION
Optimization of evaporation rate
Urine was evaporated so as to collect two fractions: a condensate and a concentrate. Different percentages of urine volumes were allowed to evaporate and the quality of both fractions was analysed by conventional water quality parameters, as a function of the fraction of urine which had been evaporated. The pH of the concentrate and condensate remained stable at 6.7 ± 0.3 (close to that of raw urine) and 9.9 ± 0.3, respectively. In the concentrate, the COD, N-NH 3 , P-PO 3À 4
and K þ concentrations increased regularly as the fraction became more concentrated, which was expected (cf. Figure 1(a) ). The higher pH of the condensate could be explained by the presence of ammonia, resulting from the volatilization of urea as well as its decomposition into ammonia at high temperature, followed by volatilization of the ammonia, as displayed in Equations (1)-(3).
Indeed, a large fraction of the ammonia was found in the condensate and this was maximal at the beginning of the evaporation process. In conclusion, these results show that the COD and nutrient content (N, P and K) of the concentrate increased as water was withdrawn from this fraction, making it richer in nutrients and a more suitable fertilizer than raw
urine. An optimal water recovery percentage of 80% led to the optimal quality of the condensate recovered. It should be noted here that the time required to evaporate 80% of the urine was 1.5 h under our experimental conditions.
The reduction in volume would certainly facilitate storage and transportation. One of the potential drawbacks to storing and transporting the concentrated urine could again be the potential losses of ammonia by evaporation, following
Equations (1)- (3). Yet, this is not a concern that is specific to our process, as fresh urine is also known to experience hydrolysis of urea within a day of storage. This phenomenon, known as ureolysis, typically leads to an increase in pH and to the production of gaseous ammonia and bicarbonate ions, by
Equations (1)- (3) (), who used raw urine to grow a variety of Ficus elastica.
Indeed, the conductivity of the condensate increased from 0.25 to 1.16 S/m (about 1/5 that of seawater) after 80% of the urine was evaporated (data not shown). Therefore, in our experiments, struvite was formed by addition of MgO into the concentrate collected after 80% of the urine was evaporated, corresponding to the optimal quality of the condensate recovered. Struvite was formed according to Equation (4) and the results are shown in Figure 2 .
It is apparent from Figure 2 that the optimal molar ratio of Mg/N equalled 1:1. In these conditions, the P-PO 
Water recovery from the condensate stream
Even though the condensate obtained after 80% of the urine was evaporated displayed the optimal quality, additional treatment is still required if water reuse or recycling is to be achieved. A polishing treatment in the form of filtration was therefore applied. Table 1 shows the water quality of the raw condensate and the quality of the final product after sequential filtration by soil, sand and finally zeolite 
CONCLUSION
In this study, we have shown that there exist some potential benefits to the production of high-quality water and fertilizer from urine. The monetary benefit that can potentially be made from crystallizing struvite from the concentrate was found to be equivalent to that made from recovering water from the condensate, showing that both streams deserve equal attention. However, the experiments made in the laboratory should be confirmed at full-scale using our prototype urine-diversion dehydration toilet. In particular, it is necessary to verify that the energy needed to evaporate the urine can either be offset by the value of the products (struvite and water) or can be provided by the burning of the faeces. Moreover, urine characteristics are known to change significantly throughout storage as the predominant form of nitrogen shifts from urea to ammonium and, in the field, it may not be practical to deploy a continuous system where urine is not allowed to settle. Finally, there is, of course, a need to identify the various other barriers to adoption, which could be political and social. 
